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ABSTRACT
It is well known that today two main and well studied methods for alignment of liquid crystals has been used, namely:
rubbing and photoalignment technologies, that lead to the change of anisotropic properties of aligning layers and long-range
interaction of the liquid crystal molecules in a mesophase. In this manuscript, we propose the usage of the nonlinear laser
lithography technique, which was recently presented as a fast, relatively low-cost method for a large area micro- and
nanogrooves fabrication based on laser-induced periodic surface structuring, as a new perspective method of the alignment
of nematic liquid crystals. 920 nm periodic grooves were formed on a Ti layer processed by means of the nonlinear laser
lithography and studied as an aligning layer. Aligning properties of the periodic structures of Ti layers were examined by
using a combined twist LC cell. In addition, the layer of the microstructured Ti was coated with an oxidianiline-polyimide
film with annealing of the polymer film followed without any further processing. The dependence of the twist angle of LC
cells on a scanning speed and power of laser beam during processing of the Ti layer was studied. The azimuthal anchoring
energy of Ti layers with a periodic microstructure was calculated. The maximum azimuthal anchoring energy for the
microstructured Ti layer was about 4.6×10-6 J/m2, which is comparable to the photoalignment technology. It was found that
after the deposition of a polyimide film on the periodic microstructured Ti layer, the gain effect of the azimuthal anchoring
energy to ~ 1×10-4 J/m2 is observed. Also, AFM study of aligning surfaces was carried out.
Keywords: Aligning layers; Azimuthal anchoring energy; Polyimide; Nematic liquid crystals; Nonlinear laser lithography;
Microstructured titanium layers
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1 Introduction
The alignment of liquid crystals (LCs) is important and a key condition for their application as a liquid with anisotropic
properties in manufacturing LC displays (LCD) and different devices. Due to, on the one hand, a long range of orientational
interaction and relatively free movement of anisotropic LC molecules in mesophase and, on the other hand, the creation of
anisotropic properties of aligning layers, the homogeneous alignment of LC bulk on the macroscopic scale has been
observed. The creation, study and characterization of the alignment surface, obtained by means of different methods, are an
important task to the LC practical application. For this purpose, both the different aligning materials and various methods of
their processing can be used, as demonstrated in many references in book [1] and reviews [2-5]. However, in present there
are two main methods, well studied and widely used to create the aligning layers for further application in LCD technology,
etc.
The first method, used extensively for different applications in industry, is the rubbing technique with various
materials [1-9] of different surfaces [1,10]. However, in spite of the fact that the rubbing technology is widely used in LCD
technology, this technique has some shortcomings, among which are accumulation of both the static charges and dust
particles [4].
The latter method is a so-called photoalignment effect, which was for the first time described by K. Ishimura [10]
for azobenzene layers controlling the LC alignment with light in zenithal plane. The homogeneous aligning of LCs in an
azimuthal plane of aligning films of the substrate was simultaneously discovered by groups of W. Gibbons [12], M. Schadt
[13] and Yu. Reznikov [14,15]. As was shown, the photoaligning technique is a really alternative method to the rubbing
technique, because the usage of photosensitive materials, deposited on a substrate or dissolved in bulk of LCs [16], leads to
the change of the orientational order of photoproducts under polarized light irradiation. In addition, the usage of a plasma
beam as a perspective method of processing aligning layers for the homogeneous planar and tilted orientation of LCs was
recently studied in [17,18]. In the case of the photoaligning of LCs, the mechanical contact with the surface of a substrate,
with all the shortcomings that this entails [4], is absent. As noted in review [4], the photoaligning technology gives an
effective control of main anchoring parameters (easy orientation axis, pretilt angle and anchoring energy). In addition, the
value of the anchoring energy of the photoaligning surfaces strongly depends on chemical properties of the using materials
and can be within the wide range 10-8 – 10-5 J/m2 [4].
In the case of above-mentioned methods, the formation of the aligning layers can be achieved by means of
deposition of inorganic materials, by polymer-coating from different solutions (Langmuir-Blodgett, spin-coating or dipping
technique) followed by the high-temperature process (for instance, polymerization) and further using the rubbing roll or the
polarized light. As shown in [5-7,18,19] after a certain method of the processing of the aligning layers, the period of the
ripple structure can change within 100 – 300 nm, while the amplitude (depth) of relief can be within about 80 - 150 nm.
In addition, to obtain the LC alignment by means of surface with a small period (about 235 -250 nm) of nano-
grooves, the e-beam lithography [20] and AFM nano-rubbing [21] were applied. However, the area of the nano-grooves
rubbed on the surface was very small (about 15 μm long and 400 μm wide) [20], and both methods show a very low
throughput. Moreover, nano-imprint lithography [22] and photolithography [23] were also used to create nano-grooves on a
polymer surface for aligning LC molecules, but both techniques are complicated for the preparation of masks, and the
period of nano-grooves is limited.
It should be also noted that recently, a fast and high-throughput method, consisting of the splitting of a polymer
film with further propagation of the wave front to induce self-assembled micro and nanogrooves on a polymer surface (the
so-called crack-induced grooving method or CIG method), was proposed to align LCs [24]. This method does not require
additional high-temperature processing (about 250o C) of aligning layers. The usage of this method avoids the presence of
dust and surface charge (many ions) on the surface of aligning layers. CIG method also provides a relatively large anchoring
energy within a range 10-6 – 10-5 J/m2 [24], comparable to that having various polymers both after the rubbing and
photoaligning process [4].
In this manuscript, we have made aligning layers, using a simple, high-speed and low-cost method for a large
area micro and nanogrooves fabrication based on a laser-induced periodic surface structuring with femtosecond pulse,
which is well known as nonlinear laser lithography (NLL) [25]. As a model of aligning layer the metal-oxide periodic
microstructures (or so-called ripples) were examined. Contrary to the traditional methods [1-19] of the LC alignment, the
preparation of the aligning surface can consist mostly of two stages. At the first main stage, the processing of the deposition
of a titanium (Ti) layer on a glass substrate by NLL method results in the creation of the periodic microgrooves with certain
parameters (for instance, depth, period and angle of direction of grooves). At the second additional stage of the creation of
aligning surfaces, the Ti layer was coated with a polymer followed by the polymerization process without any processing
(such as rubbing or irradiation with polarized light). Here, the homogeneous alignment of the nematic liquid crystal and the
dependence of the anchoring energy in the azimuthal plane of aligning films on various parameters of NLL method for both
the pure microstructured Ti layer and similar layer with the polymer-coated surface are described.
2 Materials and methods
2.1 Materials
To study the aligning properties of the structured Ti layers, the nematic liquid crystal E7, obtained by Licrystal,
Merck (Darmstadt, Germany) was chosen. The optical and dielectrical anisotropy of the nematic E7 at T = 20 oC, λ = 589.3
nm, and f = 1 kHz are Δn = 0.2255 (ne = 1.7472, no = 1.5217) and Δε = +13.8, respectively. Splay, twist and bend elastic
constants of nematic E7 are K11 = 11.7 pN, K22 = 6.8 pN, K33 = 17.8 pN, respectively [26-28].
To obtain the planar alignment in the azimuthal plane of the nematic liquid crystal E7, both the polyimide PI2555
(HD MicroSystems, USA) and 1-% DMF solution of oxidianiline-polyimide (ODAPI) (Kapton synthesized by I. Gerus,
Institute of Bio-organic Chemistry and Petrochemistry, NAS of Ukraine) were used.
2.2 Methods
2.2.1 Preparation of microstructured Ti layer
To examine the aligning properties of the metal-oxide microstructure, Ti layers, recently studied in [25], were
chosen as a model. For this aim, a 300 nm thick Ti layer was deposited on a glass substrate. To create the large area of
structured Ti layers we used the experimental scheme of the NLL method, described in [29]. As schematically shown in
Figure 1 (a), the setup consists of a home-made femtosecond fiber laser system, described in [29], galvanometer-scanner
and motorized 3D-translation stage. The laser can produce up to 1 μJ of pulse energy at repetition rate of 1 MHz which
corresponds to 1 W of the average power. The minimal pulse duration which can be obtained from the system, is 100 fs,
however we found that the increase of the pulse duration up to several hundred femtoseconds does not have any observable
effect on the structure formation. The half-wave plate (HWP) placed before the polarization beam splitter (PBS) provides
control of the laser power on a sample. The second HWP allows control of polarization on a sample. The sample was placed
on motorized 3D stage in the focal plane of galvanometer-scanner`s f-theta lens.
The beam was raster-scanned over the sample surface as shown in Figure 1 (b). The laser spot is schematically
shown as a solid “pink” circle. The polarization direction is shown on the picture as a direction of E vector. The pulse
energy, scanning speed and the overlap factor were adjusted to preserve the concept of NLL, that allows coherent extension
of the structure over a large area surface. In this case, the small beam with a 9 µm diameter preserves coherency of the
scattered light within the beam spot, and the scanning introduces a positive nonlocal feedback from the already created
structure to the new area on the surface. The maximum scanning area for our model of the galvanometer-scanner is 1×1
cm2. With the pulse energy equal 0.35 μJ and 1 MHz repetition rate of the laser, the processing speed was as fast as 7 second
for 5×5 mm2 area. The macro-photograph of the sample with ten structured areas and SEM image of the structured Ti layer,
having square area with dimension 5×5 mm2, are shown in Figure 1 (c).
Fig. 1. (a) Scheme of the structuring of the Ti layer by NLL method. (b) Cartoon, demonstrating scanning direction of
the laser beam over the sample during NLL process. (c) Photograph of the sample with ten structured areas, and SEM
image of the square area with dimension 5×5 mm2.
NLL method allows us to do changes in a wide range of the scanning speed υ = 500 – 3000 mm/s and laser power
P within a range 150 – 375 mW. An additional point to emphasize is that at the power level less than 150 mW the structure
is not created, while at the power level is more than 375 mW the structure is generally ruined. After processing of the Ti
layer by NLL method, the direction of microstructures θ1 was inclined at an angle of 8o to the horizontal side of the square
area, as schematically shown in Figure 2.
It is well known that the changes in wavelength of the laser may change the period of microgrooves [30,31].
However, in our studies the period of microgrooves was constant. The value of the period was ~ 920 nm obtained by means
of the direct AFM measurements.
2.2.2 Preparation of aligning films
To estimate the value of the azimuthal anchoring energy of microstructured Ti layers we used the idea of the
combined twist LC cell [32-34], consisting of the tested and reference substrates. For this aim the polyimide PI2555,
possessing a strong anchoring energy [35,36], was used for the preparation of reference substrates, while the ODAPI was
utilized for the preparation of tested plates. The polyimide PI2555 film was deposited on glass substrates by the spin-coating
method (6000 rpm, 30 s). About 50 nm ODAPI films at the microstructured Ti layers have been formed by means of
dipping technique using equipment for Langmuir-Blodgett film preparation R&K (Wiesbaden, Germany). For this, tested
substrates were dipped into an appropriable solution and further vertically drown up at the constant speed about 5 mm/min
along or across the direction of the microstructured Ti layers. The polyimide PI2555 film (reference plate) was annealed at
180o C for 30 min. The microstructured Ti layer with deposited ODAPI film (tested plate) was annealed at 190o C for 90
min. Thereafter, only polyimide PI2555 films were unidirectionally rubbed (Nrubb = 10 times) with the pressure of rubbing
850 N/m2, to reach a strong anchoring energy W ~ (4 ± 1)×10-4 J/m2 [35,36]. The direction of rubbing PI2555 films of the
reference substrates made an angle θ2 = 45o with the horizontal side of the square area (microstructured Ti layer) of the
tested plates, as shown in Figure 2.
Fig. 2. Schematic image of the combined twist LC cell, consisting of the reference substrate (rubbed PI2555 film) and
tested substrate (microstructured pure Ti layer or coated with ODAPI film). Direction of the microgrooves structured Ti
layer θ1 is inclined at 8o to the horizontal side of the square area. Direction of rubbing of the reference substrate θ2 is at
45o with the horizontal side of the square area (microstructured Ti layer) of the tested plate.
2.2.3 Preparation of the combined twist LC cell
As was proposed in [32-34], to measure the twist angle and further calculate the azimuthal anchoring energy of
the studying microstructured Ti layers we made combined twist LC cells. LC cells consisted of the tested and reference
substrates as can been see in Figure 2. The tested substrates were used of two types. The first type of the tested substrate
was coated with a Ti layer and further processed by the NLL method. The second type of the tested substrate consists of the
first type substrate additionally coated with a 1-% DMF solution of ODAPI. The reference substrate was coated with a
polyimide PI2555 processed with the rubbing technique.
The easy axis of the two tested and reference substrates is given by the direction of rubbing on the one hand, at a
45o angle to the horizontal side of the reference substrate and on the other hand, along the microgrooves of the tested
substrate (Fig. 2). In this case the angle φ0 between the easy axis of the reference and the tested substrate is θ2 – θ1 = 36o.
The thickness of a gap was set to 20 – 25 μm by a Mylar spacer and measured by means of the interference
method, using transmission spectra of empty LC cells. The LC cells were filled with the nematic LC at the higher
temperature T = 61o C than the temperature of the isotropic phase (TIso = 58o C) [26] and slowly (~ 0.1o C/min) cooled to the
room temperature to avoid the possible flow alignment.
2.2.4 Measurement of the twist angle and calculation of the azimuthal anchoring energy
An experimental setup for the measurement of the twist angle φ of the combined twist LC cells is shown in
Figure 3 (a). For this aim the linear-polarized light (TEM00, λ = 632.8 nm and power P = 1.5 mW) from He-Ne laser LGN-
207a (Lviv, Ukraine) and a silicon photodetector (PD) FD-18K (Kyiv, Ukraine) with the spectral range 470 - 1100 nm were
used. PD was connected to the oscilloscope Hewlett Packard 54602B 150MHz (USA).
Fig. 3. Scheme of the measurement of the twist angle φ of the combined twist LC cell, assembled with the reference
PI2555 (Nrubb = 10) and tested substrates of both types.
The twist LC cell (Fig. 2) was placed between a pair of parallel polarizes (i.e. the polarization plane of a polarizer
(P) and analyzer (A) coincides), as shown in Figure 3. The rubbing direction of the reference substrate (PI2555 film)
coincides with the polarization plane of a pair of polarizers. The direction of microstructured Ti layers for both types of
tested substrates was at an angle φ0 = 36o to the polarization plane of P and A. The linear-polarized incident beam passes
from the He-Ne laser through P and the LC cell toward A and further to the photodetector PD. In the twist LC cell the laser
beam PE
r
 is rotated at a certain twist angle φ, which depends on the azimuthal anchoring energy W of the tested substrate
[32,33]. Behind the LC cell the rotated beam LCPE
r
 propagates toward the analyzer (A), as can be seen in Figure 3 (a). Due
to the different orientation of the polarization plane between the rotated beam LCPE
r
 (after it passed through the twist LC
cell) and the polarization plane of the analyzer (A), a certain part LCAE
r
 of the beam LCPE
r
will reach the photodetector PD.
In order to measure a value of the twist angle φ, depending on the azimuthal anchoring energy W of the tested substrate [34],
the analyzer (A) was clockwise rotated through some angle φ′ to obtain the minimal intensity (i.e. I → Imin) of the incident
beam on PD connected to the oscilloscope. In this case the value of the angle φ′ is the real twist angle φ between the easy
axis of the reference and tested substrates.
Measurements of the twist angle φ of the sample allows us to calculate the value of the azimuthal anchoring energy
(Wφ) of the aligning layer of the tested substrates. According to [32,34] the twist angle φ is related to the azimuthal
anchoring energy Wφ as follows:
) − (  = ϕϕ
ϕ
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where d is the thickness of the LC cell, φ0 = 36o is the angle between the easy axes of the reference and tested
substrates and φ is the measured twist angle.
3 Results and discussion
A typical AFM image of the structured Ti layers after processing with the help of the NLL method is shown in
Figure 4 (a). It is obvious that the usage of the micro-periodic structures obtained by the NLL method after processing of the
various metal films can be applied to the creation of aligning layers.
As can be seen from Figure 4 (a) the certain periodic structure of grooves (ripples), characterized by a certain
period (Λ) and depth of grooves (A), is formed. By using AFM studies it was found that the depth of grooves depends on
main parameters (speed of scanning υ and laser power P), which are set before the processing of the Ti layer by the NLL
method.
Fig. 4. (a) AFM image of the structured Ti layer after processing by the NLL method with a speed of scanning υ = 1500
mm/s and laser power P = 350 mW. (b) Dependence of the depth of grooves A on laser power P at a constant scanning
speed υ = 1500 mm/s. (c) Dependence of the period of grooves Λ on a scanning speed at a constant laser power P = 350
mW, measured by the AFM method (solid circles) and diffraction method (open squares). The dashed line is a guide to
the eye.
The dependence of the depth of grooves A on a laser power P at a constant scanning speed υ = 1500 mm/s is
shown in Figure 4 (b). It is seen that the increase in the laser power of the NLL method leads to a rise of the depth of
grooves.
Since the microstructured Ti layer is a diffraction grating than according to [36] for the normal incident beam, the
grating period Λ is as follows:
αλ sin/⋅=Λ m , (2)
where m is the diffraction order, λ and α is the wavelength and the angle of diffraction of the incident beam,
respectively.
By means of both the AFM and diffraction studies, it was also found that the change of the laser power or the
speed of scanning does not strongly influence the change of the value of the period of grooves Λ (Fig. 4(c)). Although the
values of the period of microgrooves measured by both methods are a little different (Fig. 4 (c)), however, the accuracy of
the AFM method is higher, owing to the direct measurements contrary to the diffraction method (Eq. 2). It will be recalled
that the microstructured period can be only changed by the usage of a laser with a different wavelength [30,31] or by a tilt
angle, but it is difficult for our setup.
In contrast to the traditionally used methods of the LC alignment [6,7,18,19], where the period of grooves
changes within a range 100 – 300 nm, we think that despite the fact that processed Ti layers, having the period of grooves
about 920 nm, may produce the homogeneous alignment of nematic, however, their azimuthal anchoring energy may be
sufficiently low.
For this aim, to estimate the value of the anchoring energy of the structured Ti layer we use the well-known
Berreman’s theory [6,7]. This theory supposes that the anchoring energy depends on the depth A and period Λ of grooves as
follows [6,7,18,24]:
3
22
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According to Equation (3), dependencies of the anchoring energy WB on the change of both the period (Λ) and
depth (A) of grooves, are shown in Figure 5 (a) and Figure 5 (b), respectively.
Fig. 5. Dependence of the anchoring energy, calculated by Berreman’s theory, of the aligning layer on: (a) period (open
symbols) and (b) depth of grooves (solid symbols). The dashed line is a guide to the eye.
As can been see from Figure 5, the maximum value of the anchoring energy can be obtained for aligning layers,
having on the one hand, a small value of the period of grooves and on the other hand, large value of the depth of grooves.
Let us estimate the maximum value of the anchoring energy of the microstructured Ti layer, by using the
Equation (3) and values of the period and depth of grooves measured by AFM (Fig. 4 (b) and Fig. 4 (c)). The maximum
value WB of the microstructured Ti layer (Λ ~ 920 nm and A ~ 225 nm) at certain parameters of NLL processing (laser
power P = 350mW and speed of scanning υ = 1500 mm/s) reaches ~ 2.7×10-5 J/m2. It should be noted that contrary to [41],
for the tested substrate of the first type, the depth of grooves A is higher due to the usage of a thicker Ti layer (~ 300 nm).
The obtained value WB is of order of the azimuthal anchoring energy of azopolymers [27], photo-crosslinking materials
[38,39] and polyvinylcinnamate (PVCN) [16,40], and it is in a good agreement with the anchoring energy for Λ ~ 800 nm
and A ~ 100 nm received by the crack-induced grooving (CIG) method [24]. The calculated dependencies of the anchoring
energy WB (Eq. 3) of the microstructured Ti layer on both the power of laser beam P and depth of grooves A, at a constant
period of grooves Λ = 920 nm, are shown in Figure 6 (a) and Figure 6 (b), respectively.
Fig. 6. Dependencies of the anchoring energy WB of the microstructured Ti layer on: (a) the power of laser beam P and
(b) depth of grooves A. The period of grooves of the microstructured Ti layer is 920 nm, and the scanning speed is 1500
mm/s. The dashed line is a guide to the eye.
As can be seen from Figure 6 (a), that the increase of the laser power P in the NLL method results in the increase
of the anchoring energy WB (Eq. 3), owing to the increase of the grooves depth A (Fig. 4 (b)). With the strong laser power P
within a range ~ 280 – 350 mW, both the depth of grooves A (Fig. 4 (b)) and anchoring energy WB (Fig. 6 (a)) reach their
maximum value. At certain conditions (i.e. wavelength of beam, scanning speed) of the NLL processing of the Ti layer,
hypothetically the further growth of the anchoring energy WB can be reached by the increase of the depth of grooves more
than at ~ 230 nm, as it is easy to see from Figure 6 (b).
It is obvious that the value of the anchoring energy WB, at constant parameters of the NLL structuring (under the
experimental conditions) and without the change of the laser wavelength (e.g., the usage of a second harmonic generation),
that leads to the decrease of the period of microgrooves, can not be changed. However, to increase the anchoring energy the
usage of a microstructured Ti layer additionally coated with an ODAPI film was recently proposed in [41]. Contrary to [41],
here we obtained the tested substrate of the second type with the depth of grooves within a range A ~ 150 - 200 nm (for
further estimations A = 175 nm) by a trial-and-error method in the dipping technique, but the average value of the period Λ
~ 900 nm is identical with its in [41]. For these tested substrates the greatest possible calculated value of the anchoring
energy WB is within a range ~ (1.3 – 2.3)×10-5 J/m2, owing to both the insignificant changes in the period and certain
decrease of the depth of grooves after it has been additionally coated with an ODAPI film. It is obvious that the anchoring
energy does not only depend on the period and depth of grooves, but also depends on physical and chemical properties of
the surface [25,37-39].
Now let us consider the quality of the alignment of nematic E7 by structured microgrooves, using two types of
the tested substrates and also calculate the real value of the azimuthal anchoring energy Wφ from the experimentally
measured twist angle, by using the method of the combined twist LC cell [32-34].
Figure 7 shows photographs of two different combined twist LC cells, consisting of, on the one hand, the
reference substrate and, on other hand, of two types of the tested substrates. LC cells placed between a pair of polarizers
with different angles of planes of polarization. As can be seen from photographs, the homogeneous alignment of the nematic
LC is observed for the twist LC cell, consisting of tested substrates, having both the microstructured Ti layer (Fig. 7 (a-c))
and the microstructured Ti layer coated with the ODAPI film (Fig. 7 (d-f)). In this case the homogeneity alignment was
achieved by, on the one hand, microgrooves of both the Ti layers and Ti layers coated with the ODAPI film and, on the
other hand, the rubbed surface of PI2555. We have considered the microstructures obtained by the NLL method, as an
analogue to the rubbed (or photoaligning) surface with a difference that the period of microgrooves for the rubbing (or
photoalignment) technique is far less than the usage of the NLL [41] or CIG method in [24].
Fig. 7. Photographs of the twist LC cells placed between a pair of polarizers with different angles of planes of
polarization: (a), (d) - parallel; (b), (e) – twist angle φ′; (c), (f) - perpendicular. The LC cells consist of the reference
(rubbed PI2555 film) and tested substrate, having the microstructured Ti layer (a-d) and microstructured Ti layer coated
with the ODAPI film (d-f). The twist angle φ′ for the LC cell: (a-c) - 22o; (d-f) – 33.5o. The thickness of the twisted LC
cell was: (a) – (c) d = 23.3 µm; (d) – (f) d = 23.8 µm. The processing of Ti layers was carried out by the NLL method at
the scanning speed υ = 500 mm/s and laser power P = 250 mW.
To check our statement that the homogeneous alignment is observed owing to on the one hand, the availability of
microgrooves and on the other hand, the usage of the ODAPI film deposited on microgrooves, we made two combined twist
LC cell, consisting of the reference substrate (rubbed or non-rubbed PI2555) and tested substrate (non-rubbed ODAPI or
ODAPI deposited on the microstructured Ti layer). As can be seen from Figure 8 a low quality of the alignment of nematic
E7 for these twist LC cells is observed.
Fig. 8. Photographs of the twist LC cells placed between parallel polarizers. LC cells consist with a pair of substrates:
(a) the reference glass plate is the rubbed PI2555 film and tested plate is the non-rubbed ODAPI film formed by the
dipping technique; (b) the reference plate is the non-rubbed PI2555 film and tested plate is the microstructured Ti layer
coated with the ODAPI film by means of the dipping technique. Thickness of LC cells was ~ 24.2 µm.
To calculate the value of the azimuthal anchoring energy of combined twist LC cells, at the beginning the
measurements of twist angles were carried out. Since the NLL method [29] allows to do changes in a wide range of the
scanning speed υ = 500 – 3000 mm/s and laser power P within a range 150 – 375 mW, then we studied dependencies of
twist angles φ(υ) and φ(P) (Fig. 9), which can be analogue to, for instance, dependencies of the twist angle on a number of
times of unidirectional rubbings Nrubb [34] and the pressure of rubbing prubb [35,36] in the rubbing technique of alignment of
the nematic LCs.
Fig. 9. Dependence of the twist angle φ of the LC cell on: (a) the scanning speed υ and (b) laser power P. The LC cell
consists of the both types of the tested substrate: microstructured Ti layer (solid squares and open diamonds) and
microstructured Ti layer coated with the ODAPI film (solid circles and open triangles). The dashed line is a guide to the
eye.
As can been see from Figure 9 (a) the increase of the scanning speed in the NLL technique at a constant laser
power (P = 350 mW) leads to the non-monotonically changes of the twist angle for both types of the tested substrates [41].
The increase of the laser power P leads to the monotonous increase of the twist angle of the LC cell at a constant scanning
speed in the NLL method, as is shown in Figure 9 (b). It is seen that for both types of the tested substrates, twist angles of
the LC cells reach maximum values at a certain optimal range of values of υ = 1300 – 2000 mm/s and P = 250 – 375 mW.
In addition, it should be noted that the usage of the ODAPI film (tested substrates of the second type) leads to the growth of
the twist angle, as shown in Figure 9 (a) and Figure 9 (b), depicted by solid circles and open triangles, respectively.
By knowing the value of the twist angle φ, we calculated the azimuthal anchoring energy Wφ, by using Equation
1. For both types of the tested substrates the dependence of the azimuthal anchoring energy Wφ on the value of the scanning
speed υ is shown in Figure 10.
Fig. 10. Dependence of the calculated azimuthal anchoring energy Wφ on the scanning speed υ for LC cells consisting
of the both types of the tested substrates, having the microstructured Ti layer (solid triangles) and microstructured Ti
layer coated with the ODAPI film (solid spheres). The inset depicts the dependence of Wφ(υ) for the microstructured Ti
layer in a large scale. The dashed line is a guide to the eye.
It is seen that the azimuthal anchoring energy Wφ of the tested substrate with the microstructured Ti layer reaches
the value ~ 0.46×10-5 J/m2 (see also inset), which is ~ 6 times low than the value obtained by Berreman’s theory [6,7]. It
may be safely suggested that the difference between values of anchoring energies, obtained with Equation (1) and
Berreman’s theory (Eq. 3), is observed due to the fact, that the theory does not take into account the interaction between LC
molecules and the aligning surface. However, as was mentioned above, the value of the azimuthal anchoring energy Wφ
corresponds to the azimuthal anchoring energy of photoaligning layers [39-41].
In the case of the structured Ti layer coated with the ODAPI film, the dependence of the azimuthal anchoring
energy on the scanning speed υ is shown in Figure 10 with solid “red” spheres. It is seen that coating of the polymer film
onto the structured Ti layer leads to the dramatic increase in the azimuthal anchoring energy value ~ 1×10-4 J/m2. This value
is approximately 22 times greater than the anchoring energy of the pure microstructured Ti layer. A strong value increase of
the azimuthal anchoring energy of the microstructured Ti layer coated with the OPADI film can be explained, on the one
hand, by availability of the depth of grooves (as was described above, the average value of energy is ~ 1.8×10-5 J/m2 for
instance at Λ = 900 nm and A = 175 nm) and, on the other hand, owing to the usage of the polymer which enhances the
interaction between molecules of the liquid crystal and polymer (this contribution is 4.6 times greater than for the
microstructured Ti layer and is ~ 8.2×10-5 J/m2).
As can be seen from Figure 9 (b), the change of the laser power P, used to the processing of the Ti layer at a
certain constant scanning speed υ in the NLL method, has a strong impact on the value of the twist angle and thus on the
value of the azimuthal anchoring energy, as shown in Figure 11.
Fig. 11. Dependence of the calculated azimuthal AE (Eq.1) of aligning films on the power of the laser beam P at a
constant scanning speed υ: (a) 500 mm/s, (b) 1500 mm/s and (c) 2300 mm/s during the processing of the Ti layer with
the NLL method. The LC cell consists of the tested substrate having the microstructured Ti layer (solid triangles) and
structured Ti layer coated with the ODAPI film (solid spheres). The dashed line is a guide to the eye.
As it is easy to see, there is an optimal value of the laser power P for each constant scanning speed υ, when the
highest possible value of the azimuthal anchoring energy reaches the order of ~ 10-5 J/m2 (Fig. 11, solid triangles). As was
mentioned above, to enhance the azimuthal anchoring energy of microstructured Ti layers, they additionally were coated
with the ODAPI film with the process of polymerization followed. The growth of the azimuthal anchoring energy was
observed for all parameters (laser power P and scanning speed υ) of the NLL method. However, the gain effect to the value
~ 10-4 J/m2 (Fig. 11 (a), (b)) can be reached for the scanning speed υ = 1500 mm/s and laser power P changing within a
range 300 – 350 mW. From Figure 11 it may be concluded that the choice of both the scanning speed and laser power and
additional using of polymer-coated films make it possible to change the value of the azimuthal anchoring energy within a
wide range ~ 10-6 – 10-4 J/m2.
4 Conclusions
In this manuscript, for the first time, we studied in detail the aligning surfaces obtained by the nonlinear laser lithography
(NLL), which was recently proposed in [41], as a new alternative technique for the alignment of nematic LCs. This
technique for the LC alignment is simple, high-speed and low-cost to create large areas of various surfaces with
microgrooves. In our experiments, the measured depth of grooves can be changed by a laser power. The azimuthal
anchoring energy of the NLL-induced microgrooves of the Ti layer is of order of photoaligning layers. It was
experimentally shown that the azimuthal anchoring energy depends on both the scanning speed and laser power, which are
main controlled parameters of the NLL technique. We show the possibility of a gain effect of the anchoring energy of the
microstructured Ti layers, owing to the coating of a polymer ODAPI film onto structured surfaces. The composite-aligning
surface, based on the microstructured Ti layer coated with the ODAPI film, is an analogue to the surface with a rubbed
polymer. However, the creation of an aligning layer by the NLL method has certain difference as to the rubbing or
photoaligning technique. Namely, at the first stage, a grooves structure is created. At the second stage, the magnification of
the azimuthal anchoring energy occurs, by coating with a polymer of the grooves structure followed by the polymerization
process. It was shown that the microstructured Ti layer is characterized with a relatively weak azimuthal anchoring energy,
while by coating with a polymer, a Ti layer has a strong anchoring energy. It was experimentally shown that the value of the
azimuthal anchoring energy in a wide range can be controlled by means of changing at least two NLL parameters (scanning
speed and laser power) during the structuring of the Ti layer and further coating with a polymer film without additional
processing. This modified method, based on the processing of metal layers by application of the NLL method, provide an
alternative comparable to the existing techniques, such as rubbing and photoaligning methods.
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Figure captions
Fig. 1. (a) Scheme of the structuring of the Ti layer by NLL method. (b) Cartoon, demonstrating scanning direction of the
laser beam over the sample during NLL process. (c) Photograph of the sample with ten structured areas, and SEM image of
the square area with dimension 5×5 mm2.
Fig. 2. Schematic image of the combined twist LC cell, consisting of the reference substrate (rubbed PI2555 film) and tested
substrate (microstructured pure Ti layer or coated with ODAPI film). Direction of the microgrooves structured Ti layer θ1 is
inclined at 8o to the horizontal side of the square area. Direction of rubbing of the reference substrate θ2 is at 45o with the
horizontal side of the square area (microstructured Ti layer) of the tested plate.
Fig. 3. Scheme of the measurement of the twist angle φ of the combined twist LC cell, assembled with the reference PI2555
(Nrubb = 10) and tested substrates of both types.
Fig. 4. (a) AFM image of the structured Ti layer after processing by the NLL method with a speed of scanning υ = 1500
mm/s and laser power P = 350 mW. (b) Dependence of the depth of grooves A on laser power P at a constant scanning
speed υ = 1500 mm/s. (c) Dependence of the period of grooves Λ on a scanning speed at a constant laser power P = 350
mW, measured by the AFM method (solid circles) and diffraction method (open squares). The dashed line is a guide to the
eye.
Fig. 5. Dependence of the anchoring energy, calculated by Berreman’s theory, of the aligning layer on: (a) period (open
symbols) and (b) depth of grooves (solid symbols). The dashed line is a guide to the eye.
Fig. 6. Dependencies of the anchoring energy WB of the microstructured Ti layer on: (a) the power of laser beam P and (b)
depth of grooves A. The period of grooves of the microstructured Ti layer is 920 nm, and the scanning speed is 1500 mm/s.
The dashed line is a guide to the eye.
Fig. 7. Photographs of the twist LC cells placed between a pair of polarizers with different angles of planes of polarization:
(a), (d) - parallel; (b), (e) – twist angle φ′; (c), (f) - perpendicular. The LC cells consist of the reference (rubbed PI2555 film)
and tested substrate, having the microstructured Ti layer (a-d) and microstructured Ti layer coated with the ODAPI film (d-
f). The twist angle φ′ for the LC cell: (a-c) - 22o; (d-f) – 33.5o. The thickness of the twisted LC cell was: (a) – (c) d = 23.3
µm; (d) – (f) d = 23.8 µm. The processing of Ti layers was carried out by the NLL method at the scanning speed υ = 500
mm/s and laser power P = 250 mW.
Fig. 8. Photographs of the twist LC cells placed between parallel polarizers. LC cells consist with a pair of substrates: (a) the
reference glass plate is the rubbed PI2555 film and tested plate is the non-rubbed ODAPI film formed by the dipping
technique; (b) the reference plate is the non-rubbed PI2555 film and tested plate is the microstructured Ti layer coated with
the ODAPI film by means of the dipping technique. Thickness of LC cells was ~ 24.2 µm.
Fig. 9. Dependence of the twist angle φ of the LC cell on: (a) the scanning speed υ and (b) laser power P. The LC cell
consists of the both types of the tested substrate: microstructured Ti layer (solid squares and open diamonds) and
microstructured Ti layer coated with the ODAPI film (solid circles and open triangles). The dashed line is a guide to the
eye.
Fig. 10. Dependence of the calculated azimuthal anchoring energy Wφ on the scanning speed υ for LC cells consisting of the
both types of the tested substrates, having the microstructured Ti layer (solid triangles) and microstructured Ti layer coated
with the ODAPI film (solid spheres). The inset depicts the dependence of Wφ(υ) for the microstructured Ti layer in a large
scale. The dashed line is a guide to the eye.
Fig. 11. Dependence of the calculated azimuthal AE (Eq.1) of aligning films on the power of the laser beam P at a constant
scanning speed υ: (a) 500 mm/s, (b) 1500 mm/s and (c) 2300 mm/s during the processing of the Ti layer with the NLL
method. The LC cell consists of the tested substrate having the microstructured Ti layer (solid triangles) and structured Ti
layer coated with the ODAPI film (solid spheres). The dashed line is a guide to the eye.
